Introduction
Ever since the pioneering work of Meyer (1985) it has been known that the abundances of elements in large "gradual" solar energetic particle (SEP) events are related to the corresponding element abundances in the solar corona. SEPs in gradual events are accelerated in proportion to the ambient "seed population" by shock waves, driven out from the Sun by coronal mass ejections (CMEs), beginning at from two to three solar radii (e.g. Reames, 1990 , 1995b , 1999 , 2002 , D.V. Reames 2 2009a , b, 2013 Kahler, 1992 Kahler, , 1994 Kahler, , 2001 Gosling, 1993; Lee 1997 Lee , 2005 Tylka, 2001; Gopalswamy et al., 2002, Ng, Reames, and Tylka, 2003; Tylka, et al., 2005; Cliver and Ling 2007; Ng and Reames, 2008; Sandroos and Vainio, 2009; Rouillard et al., 2011 Rouillard et al., , 2012 . These gradual SEP events differ from smaller "impulsive" SEP events that are distinguished by 1000-fold enhancements of 3 He/ 4 He and of heavy elements, e.g. (Z>50)/O, produced during acceleration by resonant wave-particle interactions in solar flares and jets (for a recent review of gradual and impulsive SEP events see Reames, 2013) Meyer (1985) found, that when the small 3 He-rich impulsive events were excluded, the element abundances in the large SEP events were composed of i) a "mass-dependent" factor that could be ordered by the abundance ratio Fe/O that he found was actually based upon the mass-to-charge ratio, A/Q, of the ions and ii) a pattern where the ratio of the SEP abundance to the corresponding photospheric abundance of each element depended in a simple way upon the first ionization potential (FIP) of the element. Mainly, elements with a low FIP (<10 eV) were enhanced by a factor of about four relative to those with high FIP. Since the accelerated ions were observed to be highly ionized, the FIP-dependent fractionation was believed to occur much earlier, during transport of low-FIP ions and high-FIP neutral atoms from the photosphere to the corona. Thus the FIPdependent SEP abundances were a measure of element abundances in the solar corona.
At nearly the same time, Breneman and Stone (1985) , using recent charge measurements of Luhn et al. (1984) , found that SEP abundances followed a power law vs. Q/A that was rising for some events and falling for others. Later, Reames (1995a), using new SEP abundance measurements, found that simply averaging the abundances over a large number of events seemed to remove the Q/A Reames, 1998 Reames, , 1999 .
The clean distinction of the abundances in gradual and impulsive events was called into question when Mason, Mazur, and Dwyer (1999) , in otherwise similar SEP events. The power-law spectra of shock-accelerated particles suddenly steepen at high energies because of factors such as the finite acceleration time (Ellison and Ramaty, 1985; Lee, 2005) . These spectral "knees"
are often approximated as an exponential at an e-folding energy that depends upon Q/A and upon sec θ Bn , where θ Bn is the angle between the magnetic field vector, B, and the shock normal, to account for the more efficient acceleration at quasiperpendicular shock waves (Lee, 2005; . Since Q also depends upon the source of the suprathermal ions, large variations can occur above about ten MeV amu -1 , and any attempt to determine the underlying coronal abundances is best focused on the one to ten MeV amu -1 region (see Reames, 2013) . With this new understanding, are the abundances of Reames (1995a) still valid?
Extensive measurements of SEP abundances have been made at energies below about one MeV amu -1 and above about ten MeV amu -1 (e.g. Desai et al., 2003 Desai et al., , 2004 Desai et al., , 2006 Slocum et al., 2003; Cohen et al., 2005 Cohen et al., , 2007 Tylka et al., 2005 Leske et al., 2007; Reames and Ng, 2010 , in very large SEP events, intensities are strongly suppressed until the approach of the shock near one AU (e.g. Desai et al., 2006) , so that abundances are more typical of accelerated local plasma (Desai et al., 2006) than of the corona. This low-energy suppression probably results from the "streaming limit" (e.g. Reames and Ng, 2010) when intense streaming protons of above about 10 MeV generate Alfvén waves that scatter and retard ions coming behind; these waves strongly suppress the spectrum of ions near one MeV amu -1 and below until arrival of the shock itself. Above ten
MeV amu -1 , Tylka et al. (2005) found two otherwise identical SEP events where Fe/C rose sharply in one event and fell precipitously in the other, differing by a factor of about 100 near 60 MeV amu -1 . This divergence presumably resulted D.V. Reames 4 from differences in the energy spectra produced by different geometry at the accelerating shock . Thus we leave the study of higher and lower energies to others and limit the focus of this article to the physics of ions in the region from about 2 to 10 MeV amu -1 .
As noted above, a problem with the use of SEP observations to determine coronal abundances is that particle scattering during transport from source to observer alters the abundances and energy spectra of the ions. We will see that the scattering mean free path depends upon a small power of a particle's magnetic rigidity, or momentum per unit charge (Parker, 1963; Ng, Reames, and Tylka, 2003; Tylka et al., 2012) . This makes scattering depend upon both A/Q and velocity and is a principal cause of the abundance variations observed by Meyer (1985) and by Breneman and Stone (1985) . Fe scatters less than C or O at constant velocity, for example, and high-energy particles less than those at low energy, so we see relatively Fe-rich SEPs with hard energy spectra early in events and Fe-poor SEPs with softer spectra later. Tylka et al. (2012) (Reames et al., 1997; Reames, Ng, and Berdichevsky, 2001; Reames, 2000; Reames and Ng, 2004) . Abundances of the elements, measured over a large number of gradual SEP events using LEMT, have not been reported previously.
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Motivation and Event Selection
A first consideration is the elimination of impulsive SEP events, with their extreme abundances, from our event sample. Both classes of events have enhancements that depend upon A/Q, but the behavior is quite different, as shown in Figure 1 , because of differences in underlying mechanisms and charge states. (see Tylka et al., 2002) The impulsive SEP event on 14 April 2001 is one of the largest of the 18-year observation period of Wind, yet the C intensity is quite low relative to the much larger gradual event. The intensity, and the event duration of less than a day, will serve to eliminate impulsive events from our sample.
As noted above, a principle cause of the Fe/C enhancement in gradual events is different transport of Fe and C to the observer. For particle scattering against a Kolmogorov spectrum of Alfvén waves, for example, quasi-linear theory
, where v is the particle velocity and the magnetic rigidity P = pc/Qe is the momentum per unit charge of the SEP ion. This implies that the scattering mean free path, λ ~ v/ D μμ ~ P 1/3 (Parker, 1963; Ng, Reames, and Tylka, 2003) . show spatial evolution of a CME and shock from which Fe escapes more easily than C (see text).
The SEP events in the left panels of Figure 2 , and the large event in Figure   1 , show the typical enhancement of Fe/C for events on the East flank of the shock (i.e. a western source on the Sun). These events are magnetically well-connected to the shock when it is near the Sun and the Parker spiral of the field sweeps the Meyer (1985) or the averaged abundances of Reames (1995a) . Other A/Qdependent enhancements, such as the impulsive-suprathermal ions in the seed populations (Desai et al., 2003 (Desai et al., , 2006 Tylka et al., 2005; , must also be considered, although their effects are greatest above ten MeV amu -1 .
The elemental resolution of the LEMT telescope is shown in Figure 3 .
Although resolution is decreased at the lowest energies, it is still adequate for study of the energy dependence of abundances of the major species. Unfortunately, it was necessary to remove 12 eight-hour periods at high intensities because of instrument saturation effects that increased background and reduced the resolution. Finally we grouped the eight-hour periods into SEP events, each with a well defined source CME, also removing events with less than three eight-hour periods. This resulted in 54 SEP events involving 342 eight-hour periods. 
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The histogram in Figure 5 shows a strong clustering of points in an Fe-and Si-depleted region. This is the "reservoir" region (Reames, 2013) behind the shocks for many events, although some events begin and end here. The temporal dependence of this behavior is illustrated in Figure 6 showing the daily evolution of the distribution of the sequence numbers of eight-hour periods within an event in the Si/O vs. Fe/C space. Eleven of the events persist to contribute to days 4 or 5. It is surprising that all 11 events tend to converge to the same depleted value of Fe/C. 
Energy Spectral Correlations
We study energy spectral effects after averaging each available energy interval over all eight-hour time intervals within each SEP event, effectively summing the ions measured in each energy interval so that Fe-rich and Fe-poor times during each event are allowed to partially compensate. For each of the major species, He, C, O, Ne, Si, and Fe, six or seven energy intervals divide the 2 -15 MeV amu -1 study region. Power-law fits to these energy spectra can be The ion velocity and the rigidity dependence of the scattering allow high-energy ions to move outward preferentially, producing flatter spectra early and steeper spectra in the depletion region behind. We might expect this to produce a spatial pattern of spectral indices similar to that for Fe/O shown in the upper panels of Figure 2 . However, the origin of the weak systematic tendency for He and Fe spectra to be slightly harder than the O spectra for steeper spectra is not clear. 
The Average SEP Abundances
We use un-weighted averaging over the 54 SEP events to derive averaged abundances at each energy. The number of particles in each event is sufficiently large that statistical errors are negligible and summing the particles over all the events would allow a few large events to dominate the averages completely.
While the averaging method is unimportant for Ne/O, for example, it does matter for Fe/O. The smaller SEP events help us average over the spatial variations.
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Results for the energy variations for the dominant elements are shown in Figure   10 and compared with the abundances of Reames (1995a) . The data in Figure 10 show little evidence for any systematic energy dependence. This suggests that our averaging has compensated for much of the energy-and A/Q-dependent spreading in space and time. of the data. However, in Figure 11 we see the energy dependence resulting from an un-weighted average over the available data in this reservoir region. Finally, Figure 12 shows the SEP abundances averaged over energy, divided by recent photospheric abundances. Table 1 compares the complete list of SEP element abundances measured in this work with those from Reames (1995a) and with photospheric and with spectroscopic coronal abundances. as filled red circles, are supplemented by abundances of additional elements from Reames (1995a) shown as open blue circles. Note that errors in the photospheric abundances (about 10 -20 %)
have not been included. The published photospheric abundances of elements have been changing in recent years (see Schmelz et al., 2012) , largely because of improvements in modeling of the solar atmosphere. Thus as indicated in Table 1 , the photospheric abundance measurements of C, N, O, P, S, K, and Fe, relative to H, were taken from Caffau et al. (2011) but see also Asplund et al. (2009) . These were supplemented, for other elements, by the "solar system" abundances based mainly (Lodders, Palme, and Gail, 2009 Schmelz et al. (2012) to determine the average levels of the coronal high-and low-FIP abundances.
6. Discussion
We have described particle transport as the main source of A/Q-dependent variations of abundances in time and space, causing the "mass-dependent" variations of Meyer (1985) and the A/Q-dependent variations of Breneman and Stone (1985) . Transport causes enhancements in ratios such as Fe/C (or Fe/O) for ions escaping early in SEP events and a depletion of the ions left behind, thus the abundances can either increase or decrease with A/Q depending on where and when we measure them (see Figure 2) . If we could just perform the proper averaging, the transport effects would average out. We have shown that the rigidity or energy spectrum of a species such as Fe behaves similarly to its abundances during transport. Thus a measure of the proper average over the space-time variations is the energy dependence of the abundance ratio. The energy dependence will tend to vanish when we have the right balance of enhanced and depleted samples.
The earlier ISEE 3 measurements of Reames (1995a) might appear to use a different weighting of events since all particles sent by telemetry to the ground were included. A priori, this would appear to overweight high intensities and emphasize a few large events with western sources. However, the telemetry rate was severely limited for ISEE 3 so that effectively most of the SEP events were sampled equally, as they were, by design, in the present work.
The observations of Mason, Mazur, and Dwyer (1999) , Desai et al. (2003) , and Tylka et al. (2005) and the theory of have emphasized the importance of impulsive suprathermal ions in the seed population for shock acceleration. These impulsive suprathermal ions, with abundance enhancements also increasing with A/Q, especially for Fe/O (see e.g. Reames, 2013) , could certainly disrupt the connection between SEP abundances and those in the corona.
However, our observed correlation of Fe enhancement and depletion with the Fe spectral index (Figure 9 ) strongly suggests that most of the variation we observe occurs after acceleration and thus results from transport which affects both abundances and spectra in a well-described complementary way. The strongest effects of the seed population occur above the spectral knee energies which depend upon both Q/A and sec θ Bn . A percentage of impulsive suprathermals, which may be small in our energy region, can have a large effect above ten MeV amu -1 where spectral knees become dominant.
As pointed out in Figure The suppression of He stands out in Figure 12 . It has been suggested that the organization of coronal abundances should be a declining power-law function of the ionization time rather than FIP (e.g. Marsch, von Steiger and Bochsler, 1995; Gloeckler and Geiss, 2007) . A longer ionization time allows greater suppression of the abundance. On this basis He stands alone, well above Ne and O. However, the theory of coronal abundances is beyond the scope of this study.
Conclusions
Dependence of the interplanetary scattering mean free path on magnetic rigidity causes particle separation in time and space that depends upon energy, for a single species, and upon A/Q, for different species at the same velocity. This can cause an order-of-magnitude variation in an abundance ratio of species with factor-of-two differences in A/Q, such as Fe/C or Fe/O. It can also cause correlated differences in the energy-spectral index of Fe, which are observed.
Averaging over the spatial distribution of SEP events averages over regions of enhancement and depletion of Fe/O, for example, and recovers abundances of elements from He through Fe with no systematic energy dependence in the 2 -15 MeV amu -1 region. These abundances provide the best estimate of the coronal abundances of the elements available from these SEP measurements. Comparison with the current photospheric abundances provides a measure of the coronal fractionation or "FIP effect."
